Lahars are among the most serious and far-reaching volcanic hazards. In regions with potential interactions of lahars with populated areas and human structures the assessment of the related hazards is crucial for undertaking appropriate mitigating actions and reduce the associated risks. Modeling of lahars has become an important tool in such assessments, in particular where the geologic record of past events is insufficient. Mass-flow modeling strongly relies on digital terrain data. Availability of digital elevation models (DEMs), however, is often limited and thus an obstacle to lahar modeling. Remote-sensing technology has now opened new perspectives in generating DEMs. In this study, we evaluate the feasibility of DEMs derived from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and the Shuttle Radar Topography Mission (SRTM) for lahar modeling on Popocatépetl Volcano, Mexico. Two GIS-based models are used for lahar modeling, LAHARZ and a flow-routing-based debris-flow model (modified single-flow direction model, MSF), both predicting areas potentially affected by lahars. Results of the lahar modeling show that both the ASTER and SRTM DEMs are basically suitable for use with LAHARZ and MSF. Flow-path prediction is found to be more reliable with SRTM data, though with a coarser spatial resolution. Errors of the ASTER DEM affecting the prediction of flow paths due to the sensor geometry are associated with deeply incised gorges with north-facing slopes. LAHARZ is more sensitive to errors of the ASTER DEM than the MSF model. Lahar modeling with the ASTER DEM results in a more finely spaced predicted inundation area but does not add any significant information in comparison with the SRTM DEM. Lahars at Popocatépetl are modeled with volumes of 1 × 10 5 to 8 × 10 6 m 3 based on ice-melt scenarios of the glaciers on top of the volcano and data on recent and historical lahar events. As regards recently observed lahars, the travel distance of lahars of corresponding volume modeled with LAHARZ falls short by 2 to 4 km. An important finding is that the travel distance of potential lahar events modeled with LAHARZ may differ by about 2 km when using SRTM or ASTER data because of varying lateral flow-volume distribution. As a consequence, verification and sensitivity analysis of the DEM is fundamental to deriving hazard maps from predicted modeled inundation areas. Because of the global coverage of this type of remote-sensing data, the conclusion that both SRTM and ASTER-derived DEMs are feasible for lahar modeling opens a wide field of application in volcanic-hazards studies.
Introduction
Mass movements such as debris avalanches and lahars descending from volcanoes, directly or indirectly related to eruptive activity, are among the most serious and far-reaching volcanic hazards. Many volcanoes with potential lahar hazards endanger human settlements and their infrastructures. Modeling of lahars has become crucial for hazards assessment, in particular in areas with inadequate knowledge of the geological record of past lahar events. The downslope propagation of lahars, like other volcanic mass movements, is strongly controlled by topography. Models simulating volcanic mass movements necessarily require as input a digital representation of the terrain. Digital elevation models (DEM), however, are of limited availability in many volcanic regions, especially for remote or less developed areas.
Space-borne earth-observation sensors provide new perspectives in DEM generation for virtually any location on earth. The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) onboard the NASA Terra satellite has the capability of taking along-track stereo images allowing the generation of high-resolution DEMs (Kääb, 2002; Stevens et al., 2004; Kääb, 2005) . The Shuttle Radar Topography Mission (SRTM) provides unique DEM data with 30 to 90 m resolution based on an InSAR campaign in February 2000 (Rabus et al., 2003) . However, both ASTER and SRTM data have not yet been thoroughly exploited for mass movement modeling and related hazard assessments for volcanic regions.
The main objective of this paper is to evaluate the potential and limitations of SRTM and ASTER-derived DEM data for lahar modeling. To gain a more comprehensive perspective, two GIS-based lahar models are applied: the widely used LAHARZ developed by Iverson et al. (1998) and a debris-flow model presented by Huggel et al. (2003) . To this end, a volcano with comprehensive and recent lahar studies and modeling was selected.
Popocatépetl Volcano is located in the Trans-Mexican Volcanic Belt, 40-60 km from large metropolitan areas such as Puebla, Cuernavaca, and Mexico City, and near several towns and villages with tens of thousands of inhabitants (Fig. 1) . Popocatépetl Volcano has a fairly good geological record of past lahars (Delgado Granados et al., 1994 Siebe et al., 1996; Siebe et al., 1999; González Huesca, 2000) . Lahar hazards at Popocatépetl deserve additional attention due to the existence of glacier ice on top of the volcano and the possibility of eruption-induced ice-melt processes as lahar triggers (Delgado Granados and Brugman, 1995; Brugman and Delgado Granados, 1998; Palacios and Marcos, 1998; Julio Miranda and Delgado Granados, 2003; Bursik et al., 2003) . Lahars are in fact one of the major hazards of glacier-clad volcanoes (Major and Newhall, 1989; Thouret, 1990) . The glaciers of Popocatépetl experienced a strong retreat in recent years, accelerated by the eruptive activity (Delgado Granados, 1997; Huggel and Delgado, 2000; Julio Miranda and Delgado Granados, 2003) . A number of lahar events since volcanic activity resumed at Popocatépetl in 1994 were directly related to snow and ice melting of glaciers, and several lahars reached populated areas Palacios et al., 2001; Bursik et al., 2003; Capra et al., 2004; Julio Miranda et al., 2005) . The information available for such events enables realistic analysis of the modeled lahars.
It should be noted, however, that detailed assessment of lahar hazards around Popocatépetl is not the primary objective of this study. Rather, we strive to evaluate the degree of success of lahar models using SRTM and ASTER DEM data before they are applied in regions for which DEM data are not available.
Remote sensing-derived DEM data

Shuttle Radar Topography Mission (SRTM)
SRTM was a single pass, synthetic aperture radar interferometry (InSAR) campaign conducted in February 2000. For the first time a global high-quality DEM was achieved with a resolution of 1 arc sec (∼ 30 m) and 3 arc sec (∼ 90 m, free availability) covering the Earth's area between 60°N and 54°S (Van Zyl, 2001) . Vertical errors of the DEM are ± 16 m and ± 6 m for absolute and relative accuracy, respectively; the horizontal positional accuracy is ± 20 m at a 90% confidence level (Rabus et al., 2003) . Absolute accuracy thereby relates to the error throughout the entire mission while relative accuracy describes the error at a local 200 km-scale. First assessments in highmountain terrain compared the 90 m SRTM DEM with aerophotogrammetric DEMs and found root mean square errors (RMSE) of the height of 12-36 m and maximum vertical errors of more than 100 m in extremely rough topography (Kääb, 2005) . Other studies in relatively flat terrain reported an RMSE of SRTM DEM data of about 10 m in comparison with shuttle laser altimeter data (Sun et al., 2003) . In mountainous terrain, the SRTM DEM shows sections with data gaps, generally due to radar shadow, layover and insufficient interferometric coherence (Kääb, 2005) .
For this study, a 30 km × 40 km SRTM DEM was used and resampled at a grid resolution of 90 m. Only a few data gaps were present in this DEM subset and were of marginal relevance for the purpose of this study. The positional accuracy is within the subpixel range when compared with 1:50,000 topographic maps. Random tests of the vertical error of the SRTM data with reference to the 1:50,000 maps showed a similar absolute accuracy, in accordance with technical sensor specifications (Rabus et al., 2003) . Fig. 1A shows a shaded terrain view of the SRTM DEM. Stream-flow channels are well represented and without any significant errors.
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
The ASTER sensor onboard the NASA Terra satellite provides imagery with visible and near-infrared (VNIR) bands in 15 m spatial resolution, and short-wave and thermal infrared bands with 30 m and 90 m resolution, respectively (Abrams, 2000) . With these high-resolution multispectral capabilities, ASTER imagery has recently become a promising tool in detecting volcanic activity, applied, for instance, to volcanic cloud and gas analysis (Pieri and Abrams, 2004) . DEM generation is facilitated by a 15 m along-track stereo-band looking 27.6°b ackwards from nadir. Terra has a repeat cycle of 16 days but given the ASTER swath width of 60 km and its 8% duty cycle, a stereo pair can be obtained approximately every 44 days (Stevens et al., 2004) . However, in urgent cases such as natural disasters, the repeat period can be reduced to about 2 days, thanks to the ± 8.5°cross-track pointing capabilities of the ASTER sensor, with additional across-track viewing capabilities of up to ± 24°for the VNIR bands only (for a disaster-related example, cf. Kääb et al., 2003) .
Here, an ASTER stereo image taken on 17 March 2001 covering the entire Popocatépetl Volcanic edifice was acquired. Generation of the DEM based on the stereo images was done with PCI Geomatica software using an algorithm developed by Toutin and Cheng (2001) . Geo-correction of the ASTER image and DEM was achieved using ground control points extracted from the 1:50,000 topographic maps. The horizontal position accuracy of the DEM was 3 pixels (40-50 m). An evaluation of the ASTER DEM generated for the Popocatépetl area shows an overall satisfactory quality in spite of problems in areas of complex topography (Fig. 1B) . Significant DEM errors were identified in the steeply incised Nexpayantla gorge, the main drainage towards the populated areas northwest of the volcano. The errors are likely related to the steep north-facing slopes of the gorge which imply an overly small incidence angle of the 27.6°-backlooking stereo sensor with the terrain surface, resulting in inconsistencies in the DEM generation process.
SRTM DEM vs. ASTER DEM
For vertical error quantification, the ASTER DEM was compared with the SRTM DEM (Fig. 2) . For a 15 km × 30 km subset including the erroneous areas of the Nexpayantla gorge, the RMS of the vertical error relative to the SRTM DEM was 38 m with sporadic maximum errors of up to about 500 m. A 10 km × 10 km subset excluding the erroneous areas showed an RMSE of 27 m. These results are consistent with recent findings indicating an RMSE of the elevation difference between 15 and 70 m depending on topographic conditions (Kääb, 2002; Hirano et al., 2003; Stevens et al., 2004; Kääb, 2005) . These error ranges refer to an ASTER DEM generated with 30 m resolution (2 image pixels). An ASTER DEM based on the same stereo imagery generated with 60 m resolution reduced the maximum height errors by about 200 m but the RMS error remained approximately the same. For the lahar modeling the 30 m ASTER DEM was used.
In general, the analysis of the SRTM and ASTER DEMs of Popocatépetl confirmed the conclusions of previous studies that the SRTM DEM shows less gross errors than the ASTER DEM, with maximum errors of the ASTER DEM several hundred meters larger than those of the SRTM DEM (Kääb, 2005) . For the subsequent modeling studies, the large height errors such as those at Nexpayantla gorge are relevant and may cause significant deviation of the simulated lahar-flow from the true drainage pathways.
Models for lahar flow-simulation
Both models applied here for lahar modeling are strongly topography-driven. Model integration in a GIS environment facilitates handling of remote-sensing-derived data. Hence, they are well suited for the evaluation of SRTM and ASTER-derived terrain data used for lahar modeling. Both models are flowrouting models based on topography and geometry without explicit hydraulic considerations. This may be a model limitation when detailed studies on a local scale are the objective. Here, however, our focus is on approximate delineation of laharendangered zones at a regional scale. Below, a brief description of the models is given for clarity.
LAHARZ
LAHARZ is a widely used model to delineate potential lahar inundation zones and was developed by Iverson et al. (1998) and Schilling (1998) . The model is a fast, automatic and objective tool for assessment of lahar-endangered areas based on the principles that: a) the lahar volume largely controls the extent of downstream inundation; b) past lahars provide a basis for future lahars; and c) large lahars occur less often than small ones (Iverson et al., 1998) . The model uses standard ARCINFO® functions to derive flow path and directions on an input DEM. Potential inundation zones are calculated based on an empirical relationship between lahar volume, and cross-sectional and planimetric area of inundation (Iverson et al., 1998) . The channel or valley cross-section is filled to a level that satisfies the empirical relationship. The onset of inundation and deposition is defined by distinguishing between proximal and distal hazard zones based on the energy-cone concept (Malin and Sheridan, 1982 ) using a ratio of vertical descent (H) to horizontal runout (L) from about 0.1 to 0.3. Main input data and variables for LAHARZ are a DEM, the defined H/L ratio, a drainage channel starting location, and the specified lahar volume. According to the principle that large lahars occur less often than small ones, different lahar volumes and the corresponding inundation zones represent the degree of hazard encountered.
Modified single-flow direction model (MSF)
The modified single-flow direction (MSF) model applied here was developed by Huggel et al. (2003) for debris flow-type mass movements in high-mountain environments. The debris flow is considered as a downslope moving mass largely controlled by gravitational force and following a given topography. The model includes a trajectory component which calculates the potentially inundated areas, and a runout component which defines the runout distance of the debris flow.
Trajectory and flow-routing component of model
Like LAHARZ, the MSF model is integrated in a GIS ARCINFO® environment and uses the D8 flow-direction algorithm introduced by O'Callaghan and Mark (1984) . The model principle implies a downslope propagation of a debris flow or lahar from a specified initiation point. The central flow line of the mass flow is assumed to follow the direction of steepest descent as calculated by the single-flow direction (D8) algorithm. To account for the lahar behavior implying flow spreading in flatter terrain, a flow diversion function F d was incorporated into the model. This function allows the flow to divert from the direction of steepest descent up to 45°on both sides. Thus, the model is better able to simulate the different characteristics of lahars in confined channel sections (with largely limited spread due to converging flow) and on relatively flat or convex terrain (with greater spread due to more diverging flow). Once the areas potentially affected by a lahar are delineated, a probability function P q assigns a relative probability of being affected by the lahar to each grid cell (i). The probability is described by the function F r , indicating that the more the flow diverts from the steepest descent direction the greater is the resistance. F r yields a cell value which increases down valley from the location of initiation (increasing distance) and laterally at an angle of 45°from the steepest descent flow path (increasing flow resistance). The ratio between F r and the horizontal distance H from each cell (i) to the starting zone represents a probability function value , and each cell value has a probability for being affected by the lahar:
is not a mathematical probability in a strict sense but depicts a qualitative probability.
Runout component of model
The runout component of the model defines an H/L ratio and hence the stopping conditions for the trajectory part. The H/L ratio is the slope between the initiation point of the lahar and the lowest deposition point. Unlike LAHARZ, the MSF model provides the potential inundation zones of a maximum lahar event including the probability-related values, indicating areas more or less likely to be affected. Consequently, the runout distance should also be based on a maximum extent. Minimum values of H/L ratios for lahars in combination with debris avalanches (corresponding to a maximum runout distance) based on empirical data have been proposed and range from about b 0.02 to 0.1 (e.g. Crandell, 1989; Siebert, 1996; Scott et al., 2001 ). However, for lahars the definition of a minimum H/L ratio is considerably complicated by processes such as flow transformation. Volcanic debris avalanches may transform into debris flows and eventually into hyperconcentrated streamflows (Pierson and Scott, 1985; Scott et al., 2001) .
Definition of an H/L ratio based on a volume versus H/L relationship as it was presented for granular debris flows (e.g. Rickenmann, 1999 ) is difficult in view of flow transformation and debris-mobilization processes (bulking) along the flow path but can be feasible if sufficient reference data are available (cf. Fig. 3) .
The approach applied here follows the reasoning behind a volume-H/L relationship but is more practically motivated than strictly physically justifiable. In consideration of observed lahars at Popocatépetl attaining an H/L ratio of 0.15 with a volume of roughly 1 × 10 6 m 3 , a reasonable approximation for a probable maximum lahar of up to 1 × 10 7 m 3 (cf. Section 4) is 0.10. The use of the H/L ratio suggesting a clear distinction between endangered and safe areas is not fully satisfactory and has been questioned earlier (Scott et al., 2001) . We therefore emphasize the importance of not interpreting the model results as strict boundaries but rather as an approximate indication between endangered and safe areas. The probability-related representation of potential inundation areas of the MSF model provides a certain confidence value of lahar-affected areas.
Lahar modeling
Lahars at Popocatépetl
Since December 1994, when Popocatépetl Volcano began a new eruptive cycle, several lahars have occurred. The most remarkable ones took place in 1995, 1997 and 2001 along the Huiloac gorge and its tributaries, extending downstream to the town of Santiago Xalizintla (Sheridan et al., 2001; Capra et al., 2004) . These lahars all occurred in connection with eruptive activity and related melting of Ventorillo glacier (González Huesca and Delgado Granados, 1997).
The July 1, 1997, lahar showed a lag time between the pyroclastic flows and lahar initiation of 24 h (Oropeza Villalobos et al., 1999; Palacios et al., 2001) . Although not known in detail, trigger mechanisms such as saturation of sediment due to melting of snow and ice have been suggested, reinforced by partly impermeable ground layers due to permafrost or ice-core occurrence, and the formation and release of subglacial water reservoirs Oropeza Villalobos, 2001; Palacios et al., 2001 ). The July 1, 1997, lahar was non-cohesive and transformed into a hyperconcentrated streamflow further downstream (Capra et al., 2004) . The sediment volume was estimated between 330,000 and 400,000 m 3 with a sediment content of about 25% (Sheridan et al., 2001; Capra et al., 2004) .
The January 21, 2001 lahar was also preceded by eruptive activity and pyroclastic flows but did not transform into a hyperconcentrated streamflow. The amount of water involved was significantly smaller than that in 1997, and the sediment volume was about 240,000 m 3 with a sediment concentration of ca. 60% (Julio Miranda et al., 2005) . The sediment primarily Evidence of much larger prehistoric lahars on the order of 5 × 10 7 m 3 was found in the Huiloac gorge extending down to the town of San Nicolás de los Ranchos and dating from 1100 to 1300 years before present (Siebe et al., 1996) . González and González Huesca (2000) described an event known as the San Nicolás lahar which almost reached the town of Izúcar de Matamoros, traveling nearly 60 km along the stream 1300 years ago.
The northwestern drainage area of Popocatépetl with the Nexpayantla gorge directed to the town of San Pedro Nexapa and other villages was barely affected by lahars during the new eruptive phase of Popocatépetl. The absence of ice-meltingrelated lahars at Nexpayantla gorge is because the drainage system of the Ventorillo and Noroccidental glaciers is towards the Huiloac and Guadalupe gorges and not to Nexpayantla. Sheridan et al. (2001) reported on a prehistoric lahar extending far beyond San Pedro Nexapa with an estimated volume of 1.2 × 10 8 m 3 about 1100 to 1300 years ago when ice presumably still existed in the uppermost part of the Nexpayantla gorge or intense rainfall provided water for their formation.
LAHARZ for Popocatépetl DEMs
Modeling of lahars using LAHARZ was applied to the Huiloac and Nexpayantla gorges. Determination of the modeled lahar volumes is a key parameter of the model setup. For the Huiloac drainage, the chosen lahar volumes were based on the 1995-2001 events, the available volume of water due to potential melting of glacier ice and snow, and the historical record of lahars under conditions similar to the present. Due to strong glacier retreat in recent years (Huggel and Delgado, 2000; Julio Miranda and Delgado Granados, 2003) , the water equivalent of ice has significantly decreased to about 2.8 × 10 6 m 3 at present. In accordance with studies on sedimentological characteristics of recent lahars in the Huiloac gorge (Capra et al., 2004; Julio Miranda et al., 2005) and more general flow-type considerations (e.g., Pierson and Scott, 1985; Pierson and Costa, 1987; Hungr et al., 2001 ), a sediment concentration of 25 to 65% is assumed for potential lahars and hyperconcentrated flows. Hence, given the maximum water volume available from melting processes, a maximum flow volume of 3.7 × 10 6 m 3 to 8 × 10 6 m 3 results. Determination of the H/L ratio for distinction of the upstream boundary of the distal hazard zone was based on sedimentological evidence of recent lahars (i.e. the onset of sediment deposition; Capra et al., 2004; Julio Miranda et al., 2005) and set to 0.32.
For the Nexpayantla gorge, less geological evidence exists for reconstructing potential lahar volumes. A likely scenario is lahar generation from rock avalanches or pyroclastic flows combined with very heavy rain. The modeled lahar volumes were chosen as 5× 10 4 m 3 , 1×10 5 m 3 , 5×10 5 m 3 and 3 × 10 6 m 3 based on sediment volumes potentially available for flow mobilization. Very large events in the order of 10 7 m 3 to 10 8 m 3 were considered as having very low probability of occurrence but were included here to analyze the replication of the lahar 1100-1300 years ago (Sheridan et al., 2001 ) by the LAHARZ model.
Processing steps of the LAHARZ program, such as calculation of the energy cone, streamflows, or lahar cross sections, were found to be more stable with the SRTM DEM than with the ASTER DEM. Some of the processing steps have occasionally failed with the ASTER DEM, which is likely due to interpolated areas of missing data or errors in the drainage channels. The or larger would reach the town of Santiago Xalitzintla (Fig. 4) . Lahars modeled with the same flow volume but with SRTM terrain data (Fig. 5 ) travel 1.8 km further downstream passing Santiago Xalitzintla and almost reaching San Nicolás. As can be inferred from Fig. 4 , the ASTER-based model tends to a stronger lateral distribution of the flow volume, thus limiting the longitudinal distribution (i.e. travel distance). In comparison to the observed lahar of corresponding volume in 1997, the modeled lahars fall short in travel distance by approximately 2 km and 4 km for SRTM and ASTER, respectively. The flow paths for the ASTER and SRTM DEMs are consistent except for the middle section where an erroneous flow-routing of the ASTER model can be observed, caused by an error of that DEM. In terms of total inundation area, results for the ASTER and SRTM-based Huiloac lahars differ as little as 2% (Table 1) . LAHARZ models for the Nexpayantla gorge show that lahars with a volume equal or larger than about 5 × 10 5 m 3 may represent a hazard for the town of San Pedro Nexapa (Fig. 6 ). Due to a lack of recent lahar events, no detailed geological record exists here to relate modeled and observed inundation areas. The simulation of the historical 1 × 10 8 m 3 lahar yields a stronger confinement to the flow channel, and a stronger deviation to the south than indicated by the mapped deposits (Sheridan et al., 2001 ). In any case, and not surprisingly, a lahar of such a dimension, though very unlikely, would have a disastrous impact on today's populated areas.
MSF for Popocatépetl DEMs
The MSF model was applied to the Huiloac and Nexpayantla gorges using ASTER and SRTM DEM data. Significant insight into the characteristics of the model in combination with the DEMs could thus be achieved. Unlike LAHARZ, no processing failure was recorded with the ASTER DEM (nor with the SRTM DEM) when running the MSF model.
For the Huiloac lahar, the starting location for the model was set at the head of the proglacial tributaries of the Huiloac gorge at 4700 m a.s.l. The lahars observed in recent years all had their origin in this zone immediately downstream of Ventorillo glacier, triggered by mobilization of ash, rock and ice avalanche deposits in connection with high melt-water input (Palacios et al., 2001 ). The initiation zone for the Nexpayantla drainage was defined at 4200 m a.s.l. at the toe of a major rockfall area at Cerro del Fraile, a remnant of a magmatic intrusion at Popocatépetl Volcano. Lahars can be triggered there by rainfall-induced mobilization of ash and rock deposits, or by transformation of a rock avalanche into a lahar. In consideration of the erodible sediment volume available, it may be assumed that lahars with a volume larger than about 1 × 10 6 m 3 would only occur in combination with a major rock avalanche. The lahar starting zones defined for the MSF model are different from those for LAHARZ. This is because of For LAHARZ, inundation areas are given in relation to corresponding lahar volumes. Note that for the Huiloac gorge the MSF and LAHARZ models cannot be compared against each other because the modeled flow initiation point is different. The MSF model characteristically identifies different potential flow paths assigning a corresponding qualitative probability. In case of the Huiloac lahar, the MSF model indicates a possible flow deviation at about 3700 m a.s.l. with both the ASTER and Fig. 7 . MSF model simulating a probable maximum lahar event in the Huiloac gorge using the SRTM DEM. The runout is constrained by a H/L ratio of 0.1. Color coding refers to different degrees of probability for a cell to be affected by the lahar. The initiation zone of the lahar is defined at a higher elevation than in the LAHARZ model due to the MSF model concept (see text). SRTM DEMs (Figs. 7 and 8) . Verification of the field conditions at this point reveals a poorly defined flow channel, which would enable overflow in the model. The different flow paths join again about 3 km upstream from Santiago Xalitzintla. By using a H/L of 0.1, the simulated lahars just reach the town of Nealticán, 10 km downstream from Santiago Xalitzintla. There is a high correspondence of the simulated lahars when using the ASTER and the SRTM DEM. Except for the middle section, where the ASTER-based model shows a somewhat stronger lateral flow distribution, the potential inundation areas are much alike. In quantitative terms, the total inundation areas using the ASTER and SRTM DEMs show a difference b 5% (Table 1 ). The modeled flow path between Santiago Xalitzintla and San Nicolás is characterized by confined channel flow in both DEM applications. This is evidence that the ASTER as well as the SRTM DEM adequately represent the channel topography. The color range of the models allows more and less likely affected areas to be distinguished.
The lahar simulations in the Nexpayantla gorge reveal the effects of errors and related interpolation of the ASTER DEM on the flow-routing. In the middle section of the gorge, the simulated lahar is diverted into the drainage channel to north (not Fig. 9 . MSF model simulating a probable maximum lahar event in the Nexpayantla gorge using the SRTM DEM. The runout is constrained by a H/L ratio of 0.1. Color coding refers to different degrees of probability for a cell to be affected by the lahar. The initiation zone of the lahar is defined at a higher elevation than in the LAHARZ model due to the MSF model concept (see text). Fig. 8 . MSF model simulating a probable maximum lahar event in the Huiloac gorge using the ASTER DEM. The runout is constrained by a H/L ratio of 0.1. Color coding refers to different degrees of probability for a cell to be affected by the lahar.
shown in figure) . Such errors in the DEM should be recognized during the DEM analysis in order to avoid mis-interpretations.
The SRTM-based lahar model of the Nexpayantla gorge is first confined to the drainage channel and then defines flow spreading at the fan apex (Fig. 9) . The model indicates a large inundated area, which is only realistic with a flow volume significantly larger than 10 5 m 3 to 10 6 m 3 . The geological record of the San Pedro lahar 1100 to 1300 years ago and the related areas affected (Sheridan et al., 2001 ) are reasonably consistent with the modeled inundation areas. According to the volume of the San Pedro lahar, the volume of the modeled lahar event may thus be inferred to be on the order of 10 8 m 3 . It is notable that the MSF model also simulates a likely north-bound inundation area in addition to the south-bound area of LAHARZ.
Discussion
For the LAHARZ simulations, the model parameters were kept identical for both the ASTER and SRTM DEM. Hence, the difference in the modeling results, in particular the inundation areas and the travel distance, as observed for the Huiloac lahars, can be directly related to the DEMs used. The digital representation of the drainage channel and valley cross-section of each DEM determines the lateral distribution of the flow volume in LAHARZ; as a consequence, the travel distance and the delineation of the distal hazard zone are similarly determined. It is notable that the 90 m-SRTM DEM confines the lahar more strongly to the flow channel than the 30 m-ASTER DEM. Stronger lateral flow confinement of lower-resolution DEMs could be due to scaling phenomena. Scaling phenomena present with LAHARZ in connection with the lateral flow distribution and the shape of the inundated area was, in fact, already pointed out by Iverson et al. (1998) though they did not compare different DEM applications. The effect of scaling may not be straightforward and model response complex (Hardy et al., 1999) . For instance, higher resolution of generically identical DEMs does not necessarily improve modeling results, as Horritt and Bates (2001) showed using a hydraulic raster-based flowrouting model. Stevens et al. (2002) investigated the effects of grid-spacing on lahar inundation zones predicted by LAHARZ by comparing a 10 m-gridded DEM with resampled derivatives of 30 m and 90 m resolution. No significant effect could be detected except for some lahars falling short in travel distance by 1-2 km when using the coarser spaced grids. The same feature (i.e., wider lateral spread and shorter longitudinal extent of coarser spaced grids) was also found for generically different DEMs of 25 m and 10 m resolution. This represents the opposite phenomenon of what was observed in the present study. Stevens et al. (2002) furthermore showed that the generic DEM type is responsible for a larger difference in LAHARZ modeling results than scaling phenomena, a finding which is consistent with our study. We thus argue that the more accurate representation of the main drainage channels by the SRTM DEM, and in general the generic type of the DEM, is a more critical issue influencing the model result. Despite the higher resolution, the ASTER DEM contains more vertical errors than the SRTM DEM. A comparison of the shape of the inundated area of the ASTER and SRTM DEM-based modeling reveals good correspondence. Thus, the ASTER-based model, though finer spaced, does not add any significantly new information to the SRTM-based model with respect to the shape of the inundated area. A quantitative evaluation of the inundation area also yields only minor differences (2-5%) between ASTER and SRTM DEMs for both the LAHARZ and MSF models. The ASTER-SRTM comparison of the LAHARZ modeling reveals, however, that the choice of the DEM can have important effects on the determination of the distal hazard zone and thus on hazard assessment and mapping (see also Stevens et al., 2002 , for comparison of a map-derived and an airborne InSAR DEM in combination with LAHARZ). With otherwise identical model parameters, the modeling using the ASTER and SRTM DEMs shows a difference of 1.8 km of the horizontal travel distance for the 5 × 10 6 m 3 lahar, or a 15 to 20% difference in relation to the total travel distance. Determination of hazard zones in critical areas (i.e., populated areas) should thus not be based on one DEM alone without any sensitivity analysis, and integration of a further DEM from different source data helps determining the range of model uncertainty.
In comparison with the observed lahars, the model runs with both the ASTER and SRTM DEM show a stronger lateral flow volume distribution in LAHARZ. For instance, the roughly 1 × 10 6 m 3 -volume lahar (including sediment and water content) in 1997 reached the town of Santiago Xalitzintla, while the modeled lahar with the same volume does not. Unlike in the MSF model, the strong lateral flow volume distribution has a significant effect on the modeled travel distance of the lahar in LAHARZ but not on the total area inundated. The extent of the distal hazard zone is thus underestimated, an effect that has to be seriously considered for corresponding hazard mapping. Although the MSF model integrates similar flow algorithms as LAHARZ and is also run within a GIS environment, it follows otherwise a different concept: the flow path is not directly related to the flow volume but the latter is indirectly indicated by a probability function showing more and less likely flow trajectories and distribution. A direct quantitative comparison of LAHARZ and MSF is difficult. For the Nexpayantla gorge the MSF model may be closest to the LAHARZ model with a 10 8 m 3 lahar. The difference of the total inundated area of LAHARZ and MSF using the SRTM DEM is ∼27% (Table 1 ). The travel distance of the MSF model is constrained by the H/L approach. As outlined above, definition of an H/L ratio for a lahar insufficiently represents the processes observed in nature and bears several uncertainties (Scott et al., 2001 (Scott et al., , 2005 . Fig. 3 represents a compilation of the H/L ratio in relation to lahar volume for recent and historic events at Popocatépetl, and for some of the few corresponding published data available. Rickenmann (1999) proposed an empirical relationship for H and volume V to L for alpine (granular) debris flows (Fig. 3) . However, as the few data indicate, such a relationship is more problematic for lahar-type flows. While debris flows are often characterized by a flow stopping abruptly in less inclined terrain when the yield stress necessary for flow mobility is under-run, lahars may transform into hyperconcentrated streamflow and continue for several kilometers without a well-defined runout length Scott, 1985, O'Brien et al., 1993) . Models simulating lahar runout based on H/L values thus cannot provide a clear definition of 'safe' and 'unsafe' zones. Although in this study a maximum credible approach under present conditions was applied for the lahar runout length, it cannot be excluded that a channelized lahar flow would surpass the modeled runout length due to processes such as sediment bulking or flow transformation. The MSF model is clearly less sensitive to flow channels represented in the DEM than LAHARZ and may simulate overflow where LAHARZ constrains the flow to the channel. The resulting flow distribution may appear too wide for a lahar. However, these results should be understood as representing a maximum distribution and as an indicator of possible alternative flow paths in the case of a large event. According to recent studies, the MSF model has also been found suitable for delineating areas affected by mass-movement processes less confined to flow channels, such as debris or rock avalanches (Noetzli et al., 2006) .
In sum, this study has shown that both ASTER and SRTM DEMs are feasible for lahar modeling with either of the two models applied. This represents an important finding in view of the nearly global availability of ASTER and SRTM data. As far as ASTER is concerned, it is furthermore of relevance that the sensor is capable of taking repeat stereo images for DEM generation, theoretically at every satellite overpass if weather conditions permit. On active volcanoes, the topography may change frequently due to accumulation of eruptive products, and hence exert a significant influence on the flow paths of mass movements (Renschler, 2005) . Outdated DEM data may thus yield erroneous modeling results. ASTER provides an invaluable tool to acquire a digital representation of the current topographic situation of volcanoes at low cost.
Conclusions
This study has evaluated DEMs derived from ASTER and SRTM remote-sensing data for lahar modeling. Both types of DEMs basically have been found feasible for application with the mass-flow models LAHARZ and MSF. Due to the global coverage of ASTER and SRTM data, this conclusion implies that lahar modeling studies are possible on virtually any volcano. This is of particular importance for volcanoes lacking DEM information. For volcanoes with available DEMs (e.g., map-derived), the ASTER and SRTM data can validate lahar modeling based on the present topography.
The SRTM data, although of coarser spatial resolution, has proven to represent the actual topography more reliably than the ASTER DEM, especially with regard to the flow channels. ASTER DEMs can have problems on steep north-facing slopes, and related errors can cause incorrect lahar modeling. The generation of DEMs from ASTER imagery furthermore requires a cloud-free satellite image (due to optical sensor characteristics), which can be problematic, for instance, in regions of the tropics with nearly constant cloud cover. Where adequate topographic and atmospheric conditions for DEM generation prevail, ASTER DEMs are able to provide considerable detail for lahar flow distribution. We furthermore found that the shape and the total extent of predicted inundated areas based on ASTER and SRTM DEMs are fairly consistent. Significant differences in the modeled travel distance of lahars of the same volume, however, were revealed when using the 30 m-ASTER and the 90 m-SRTM DEMs with LAHARZ. This was due to stronger lateral flow distribution in the ASTER-based model. The generic type of DEM used, and not scaling phenomena, are primarily responsible for this effect.
In more general terms, we conclude that the type of DEM used is highly relevant for the results obtained with LAHARZ, a particularly important finding to consider when modeling results are used for hazards assessment and mapping. In practice, however, often there has not been any alternative option to the DEM available to date, if even a DEM was available at all. Nowadays, digital terrain data from the space-borne sensors ASTER and SRTM, or in some cases even from very-highresolution sensors, such as QuickBird or SPOT-5, can improve results and reliability of lahar modeling. When only one DEM is available, our current study strongly suggests the need to analyze the accuracy and quality of the DEM with sensitivity tests prior to lahar modeling.
